The effect of freeze-thaw cycles on concrete is of great importance for durability evaluation of concrete structures in cold regions. In this paper, damage accumulation was studied by following the fractional change of impedance (FCI) with number of freeze-thaw cycles (N). The nano-carbon black (NCB), carbon fiber (CF) and steel fiber (SF) were added to plain concrete to produce the triphasic electrical conductive (TEC) and ductile concrete. The effects of NCB, CF and SF on the compressive strength, flexural properties, electrical impedance were investigated. The concrete beams with different dosages of conductive materials were studied for FCI, N and mass loss (ML), the relationship between FCI and N of conductive concrete can be well defined by a first order exponential decay curve. It is noted that this nondestructive and sensitive real-time testing method is meaningful for evaluating of freeze-thaw damage in concrete.
Introduction
With the deterioration of concrete structures, durability is of great concern. For structures in cold regions, freeze-thaw cycling is especially one of the main reasons of concrete damage. The degradation stems from the freezing of the water in concrete upon cooling, and the thawing upon subsequent warming. The phase transition causes dimensional change and internal stress change, and repeated cycles of freezing and thawing have a cumulative effect on the damage rather than a single occurrence of frost [1] . Previous investigation on the freeze-thaw durability of concrete has been focused on the property degradation of modulus and strength [2] [3] , weight loss and length change [2] [3] [4] [5] , microstructural change [6] and ultrasonic wavevelocity change [7] after different amounts of freeze-thaw cycling. However, these methods are usually used on laboratory specimens, and not very suitable for detecting the damage of concrete member in situ and in real-time.
Concrete with conductive materials is capable of sensing its own stress, strain and other damages like cracking by the electrical resistance measurement [8] [9] [10] [11] [12] [13] [14] [15] [16] . Furthermore, electrical conductive concrete (CC) can also provide wide prospect in specialist applications, such as vibration control, electromagnetic shielding, traffic monitoring and deicing [13] [14] . In this study, SF, CF and NCB were added into concrete as conductive phases for producing the triphasic electric conductive concrete, which allows to monitor the freeze-thaw damage by the FCI of itself without the need of embedded, attached or remote sensors.
On the one hand, the macro fibers as structural materials could mitigate the internal stress concentration in the concrete matrix caused by freezing and thawing cycles and increase the flexural toughness of concrete member before and after freezing and thawing cycles [6, 8] . On the other hand, as function materials, the well distributed SF and CF in the concrete matrix can form some continuous conductive pathways which carry current and play a fundamental role in the electrical transport process, consequently enhance electrical conductivity of concrete [11, 16] . The addition of NCB may improve the electrical conductivity, the toughness of the aggregate interface in the concrete matrix with lower cost. The combined application of NCB, micro CF and macro SF in concrete can enhance the conductivity of the concrete by using the conductive network of fibers and the electric characteristics of the NCB, and at the same time the mechanical property of the concrete can also be improved [11, [16] [17] . The initiation and evolution of strain and damage in the concrete caused by the internal stress due to the freeze-thaw cycling can induce the change of conductive pathways [15, 16] , which result in the change of impedance of concrete.
Wang [18] used the electrical resistivity methods to assess the micro structure alteration of cement-based materials by freeze-thaw action. They found electrical resistivity and temperature showed a bilinear relationship in logarithmic coordinates. Chung and Cao [9] investigated the damage evolution during freeze-thaw cycling of cement mortar involving damage accumulating gradually until failure. The results indicated that a temperature increment may cause the decreasing of resistivity reversibly, whereas damage causes the increasing of resistivity irreversibly, however, the experiments were performed on the cement mortar, and not on the concrete. Cai and Liu [19] studied the ice formation process in concrete pores by following the change of electrical conductivity of concrete, but just within one freeze-thaw cycle without consideration of damage. The investigation regarding the accumulation of concrete damage during freeze-thaw cycles using the FCI is still very rare.
In this paper, based on the investigation of the NCB, CF and SF on compression strength and flexural performance of concrete, a series triphasic conductive material reinforced concrete beams were experimentally studied, in order to analyze the damage and the FCI of beam under freeze-thaw cycles, especially to study the relationships between FCI and the damage degree of concrete under freeze-thaw cycles. The relationship between the FCI and the number of freeze-thaw cycles of concrete beam was established via the regression analysis, and this relationship can be well fitted by an Exponential Decay First Order curve.
Experimental Investigations

Materials and mixture
The base mix design of concrete samples without conductive admixture (NCB, CF and SF) was as by mass of binder), the density of SF was about 7.85 g/cm 3 and the volume resistivity of SF was 10 
Samples and set-up description
A forced mixer was used for mixing. For concrete specimens with conductive admixtures, NCB was mixed firstly with cement, fine and coarse aggregate before adding of water, however, the CF, methylcellulose and defoamer were dissolved or pre-mixed with 5 liter water for well dispersion of fibers. Then the pre-mixture, NCB and superplasticizer, cement, fly ash and aggregate, water and SF were mixed 3 min. The specimen prepared for testing was beams with the size of 100 mm×100 mm×400 mm (Fig.2) . After pouring the mix into molds, an external electric vibrator was used to facilitate compaction and decrease the amount of air bubbles. The specimens were demolded after 1 day and then cured at 23±3°C and 95-100% relative humidity for 28 days. Then four electrical contacts were prepared in the form of conductive adhesive tape, which was wrapped around the specimen.
Based on the four probe method of electric resistance measurement, the outer two contacts A and D were for passing current while the inner two contacts B and C were for measuring of voltage [16] [17] [18] [19] [20] .
The A.C. stabilized voltage supply with frequency of 50 Hz and a Digit multimeter (KEITHLEY 2100 6/12) were used to measure the voltage, the impedance has been calculated. For protection of the electrodes made with conductive tape during the fast freeze-thaw cycle, epoxy resin was coated to the electrode surface. The FCI measured is the fractional change in volume resistance of specimen. The dimensions and electrical contact details of all beams are shown in Fig. 2 . The supply voltage and frequency in this work were fixed in the value of 60 V and 50 Hz respectively [21] . As the fast freeze-thaw cycle was carried out in a immersion state, the specimens were immersed in water of 20±2°C for four days before freeze-thaw cycle testing, the impedance of beams before and after immersion was measured to identify the effect of the immersion. Then the concrete specimens were placed in a freezing and thawing machine which operates 8-9 cycles per day with a specimen core temperature ranging from -18°C to 5°C according to ASTM C 666 testing specifications [22] . Specimens were removed from the freeze-thaw machine each 10 cycles and 50 cycles for measuring the value of impedance and mass of concrete. Previous investigations indicated that the impedance varies largely with temperature in the freeze-thaw cycle [9, 18] , so the specimens removed from the machine was placed in the curing room for 24 hours before measurement was taken.
The 100×100×100 mm cube specimens for compression strength were tested at the ages of 28 days. The 100×100×400 mm beams were tested under flexure on a span of 300 mm in four-point loading using a hydraulic servo testing machine (MTS 810). The flexural test is determined by the deformation-controlled experiment. A close loop test machine is used and the deflection is measured using two LVDTs, the deformation rate of the mid span is 0.2 mm/min until a specified deflection of 3.5 mm. The load-deflection curves are used to evaluate the flexural strength and flexural toughness of conductive concrete beams (Fig.4) . The energy absorption of conductive concrete is determined in accordance with the following expression:
Results and Discussion
Effect of conductive materials on the compressive strength
The average values of the compressive strength (f cu ) of three specimens at the age of 28 days are listed in Table 3 . Compared with plain concrete (PC) without any conductive admixtures, the increment of the compression strength ranges between 2.5% and 7%. From Table 3 and previous studies [8, 15, 17, 24, 25] , it can be seen that the addition of fibres and NCB with low contents aids in converting the brittle properties of concrete into a ductile material, but no significant trend of improving compressive strength was observed. [23] . The investigations of the SF and hybrid fiber effect on the bending behavior (strength and toughness parameters) of concrete are performed in [24] . The flexural strength (σ u ) and toughness parameters can be found in Table 3 . From Table 3 increased about 120% compared to that of T0124, whereas the macro SF content increased only 100%.
Effect of conductive materials on the flexural behaviours
These observations supports the use of fibre cocktail in conductive ductile concrete because the huge amount of micro carbon fibre can better prevent the further pulling out of the macro steel fibres from the concrete matrix after the cracking [24, 26, 29 -31] . 
Impedance of concrete beam before and after immersion
The influence of conductive admixtures on the impedance value of concrete beam before immersion (|Z 0 |) and after immersion (|Z' 0 |) before freeze-thaw cycle testing are listed in Table 4 . From Table 4 it can be observed that:
The 
Fractional change of impedance, numbers of freeze-thaw cycles and mass loss
The variation in the impedance expressed in terms of FCI can be expressed in Eqn. (1):
Where |Z 0 '| is defined as the initial impedance value before freeze-thaw cycles, and |Z i | is the impedance value after i freeze-thaw cycles.
In order to verify the validity of FCI to estimate the frost resistance of triphasic conductive concrete, the ML [27 -28] and the impedance value were recorded every 10 freeze-thaw cycles if N was less than 100; and they were measured every 50 freeze-thaw cycles if N was higher than 100. The ML was tested carried out according to China National Guideline and Japan Industrial Standard [27 -28] and can be evaluated according to Eqn. (2) . The results of FCI and ML up to 300 freeze-thaw cycles are listed in Table 5 .
Where m: the initial mass before freeze -thaw cycles; m i : the mass after i freeze -thawing cycles Table 5 FCI and ML of fast freeze-thaw cycles tests From Table 5 , it can be observed that: the value of FCI was negative, which means the impedance of triphasic conductive concrete declined with the increased freeze-thaw cycles; however, the absolute value of FCI (|FCI|) increased with the increased freeze-thaw cycles, which was consistent with the increased ML [27] , an indicator widely used to estimate frost resistance of concrete materials. Table 5 , it can be seen that the ML of plain concrete and conductive concrete increased with the increasing of Freeze -thaw cycles, and the increasing trend of ML of plain concrete is consistent with that of triphasic conductive concrete.
There is a linear relationship between ML and N for both PC and conductive concrete with very high
Pearson coefficient between 0.96 and 0.99. Furthermore, the slopes of all conductive concrete are higher than that of PC, which means that the conductive concrete will reach the limit value of ML (i.e. 
Where: a, b and c are constant parameters corresponding to the types and the contents of electric conductive phases, a/b is the slope of the curves in Fig.6 where N=0; c means the asymptote of the curves; the variable N is number of freeze-thaw cycles.
The parameters fitted and the correlation coefficient (R 2 ) of all electric conductive concrete beams with different types and contents of conductive phases are listed in Table 6 . The correlation coefficients of all conductive concrete beams vary between 0.93656 and 0.98841. Table 6 Fitted parameters of regression equation of FCI -N From Fig. 6 and Table 6 , it can be seen that:
(1) The curves in Fig. 6 demonstrate a monotone decreasing relationship between FCI and N. The absolute value of FCI of conductive concrete beams increases with the increasing of the number of freeze-thaw cycles.
(2) The R 2 of beams with conductive phases is higher than 0.97. Hence, the relationship between FCI and the number of freeze-thaw cycles is quite strong correlated with Eqn. 
Conclusion
The purpose of this study is to explore the application of the NCB, CF and SF as triphasic electric 
